Regulation of the activity of N-methyl-D-aspartate receptors (NMDARs) at glutamatergic synapses is essential for certain forms of synaptic plasticity underlying learning and memory and is also associated with neurotoxicity and neurodegenerative diseases. In this report, we investigate the role of Src-like adaptor protein (Slap) in NMDA receptor signaling. We present data showing that in dissociated neuronal cultures, activation of ephrin (Eph) receptors by chimeric preclustered eph-Fc ligands leads to recruitment of Slap and NMDA receptors at the sites of Eph receptor activation. Interestingly, our data suggest that prolonged activation of EphA receptors is as efficient in recruiting Slap and NMDA receptors as prolonged activation of EphB receptors. Using established heterologous systems, we examined whether Slap is an integral part of NMDA receptor signaling. Our results showed that Slap does not alter baseline activity of NMDA receptors and does not affect Src-dependent potentiation of NMDA receptor currents in Xenopus oocytes. We also demonstrate that Slap reduces excitotoxic cell death triggered by activation of NMDARs in HEK293 cells. Finally, we present evidence showing reduced levels of NMDA receptors in the presence of Slap occurring in an activity-dependent manner, suggesting that Slap is part of a mechanism that homeostatically modulates the levels of NMDA receptors.
I n an effort to identify genes involved in cortical development, we have previously cloned slap, which encodes a Src-like adaptor protein (Slap) (1) . slap is expressed strongly in the forebrain, but its function there remains unknown. slap encodes a 34-kDa protein containing SH2 and SH3 domains followed by a unique 104amino-acid COOH terminal. Similar to results seen with members of the Src family kinases (SFKs), myristoylation at the NH2 terminus targets Slap to cellular membranes (2) . Slap has been studied in the immune system, where it inhibits T-cell receptor (TCR) signaling (3) and is involved in the internalization and degradation of the TCR subunit (4) . Furthermore, Slap abrogates the mitogenic response to platelet-derived growth factors (PDGFs) in NIH 3T3 fibroblasts, antagonizing the mitotic activity of Src kinase (5) .
Slap was initially identified in a yeast two-hybrid screen using the cytoplasmic tail of EphrinA2 as bait (6) . Ephrin (Eph) receptors constitute the largest known family of receptor tyrosine kinases and, together with their membrane-bound ligands (eph ligands), have been implicated in a variety of patterning events during the development of the central nervous system (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) . Ephs and their ligands act as contact-dependent adhesive molecules and are implicated in the development and function of synapses. They are divided into two classes (EphA and EphB), based on sequence homologies and binding specificity (22) . EphBs have established roles in the formation of synapses, transforming dendritic filopodia to spines and clustering and phosphorylating Nmethyl-D-aspartate receptors (NMDARs) (7, 9, 23) , and are implicated in synaptic plasticity, modulating NMDAR function (16) . Less is known about the role of EphAs, although evidence suggests that they contribute to the induction of synaptogenesis (24) , spine morphology, maturation, and collapse (25, 26) . EphA signaling alters the stability of synaptic boutons, modulating synaptic plas-ticity and regulating adhesion to the extracellular matrix (27) and the reorganization of the cytoskeleton (28) . Moreover, acute administration of an EphA antagonist in rat hippocampal slices impairs long-term potentiation (LTP), whereas administration of an agonist leads to LTP-like potentiation (29) . Finally, EphA4 induces the degradation of ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors upon chronic elevation of synaptic activity (30) .
Here we report that activation of Ephs mediates the recruitment of Slap at neuronal synapses. We show that activation of EphAs is more efficient in recruiting Slap than activation of EphB. Additionally, we show that NMDARs can be also recruited alongside Slap in an EphA-dependent manner. We provide further evidence that Slap offers protection from NMDAR-induced excitotoxicity and modulates NMDAR signaling, by regulating its degradation.
MATERIALS AND METHODS
Synaptosomal preparation and Western blotting. The synaptosomal preparation was performed according to a previous published method (31) . Briefly, 10 brains of adult Sprague-Dawley rats were used and their cerebral cortex was removed. The brains were homogenized in 5 mM HEPES (pH 7.4)-0.32 mM sucrose and subjected to centrifugation (1,500 ϫ g). The pellet was resuspended in 0.32 M sucrose-1 mM NaHCO 3 and layered over a sucrose gradient (1.2 M, 1 M, and 0.85 M sucrose) and centrifuged at 70,000 ϫ g. The obtained fractions were removed and recovered by centrifugation. The pellets for each fraction were resuspended in 50 mM HEPES (pH 7.4)-2 mM EDTA. Western blot analyses were performed according to standard procedures. The primary antibodies (Abs) used were rabbit anti-Slap and mouse antisynaptophysin (anti-Syp) (Sigma, United Kingdom; catalog no. S5768). Horseradish peroxidase (HRP)-conjugated secondary anti-rabbit and anti-mouse antibodies were from Jackson ImmunoResearch Laboratories.
Primary hippocampal neuronal cultures. Primary hippocampal neuronal cultures were prepared from embryonic day 18 (E18) Sprague-Dawley rat brains. Cells (750/mm 2 ; i.e., 100,000/coverslip) were plated on poly-D-lysine (Sigma) (0.1 mg/ml in borate buffer [pH 8.5])-coated glass coverslips. The plating medium was Dulbecco's modified Eagle's medium (DMEM) supplemented with 5% fetal bovine serum (FBS), penicillinstreptomycin (P/S), and 0.5 mM L-glutamine (all from Invitrogen). On the next day, the medium was changed to Neurobasal medium supplemented with B27, penicillin-streptomycin, and 0.5 mM L-glutamine (all from Invitrogen) or with NS21, a homemade supplement prepared as described previously (32) . Cultures were routinely used at 14 days in vitro (14DIV).
Plasmids and lentiviral vectors. pSP64T-derived plasmids containing rat GluN1-1a, GluN2A, and GluN2B subunits were used as oocyte expression vectors and have been described previously (33, 34) . An IRAV Mammalian Gene Collection (MGC) mouse cDNA clone containing full-length slap was purchased from RZPD. Full-length Slap cDNA was subcloned into a pSP6T plasmid for cRNA synthesis. Slap was amplified using primers (Invitrogen) TTTCTAGACCACCATGCT CTGCAGGCTTCGA for the 5= end and AAGTCGACTTAATCTTCAAA GTACTG for the 3= end and cloned in the pGEM-T Easy vector (Promega). Following confirmation of sequences, Slap was then cloned under the control of the cytomegalovirus (CMV) promoter in the self-inactivating lentiviral plasmid pRRL_scC_IRESeGFP_W using XbaI and SalI restriction enzymes (Promega) (bold and italics in primer sequences) to generate pRRL_scC_Slap_IRESeGFP_W. No untranslated region was inserted between Slap and the internal ribosome entry site (IRES) of the vector (PubMed accession number of vector, pRRLsc_Cslap_eIeGFP_ W KC262216). Third-generation, integration-deficient lentiviral vectors (35) were produced as previously described (36) . Briefly, transient cotransfection of four plasmids into HEK 293T cells was used. In addition to the pRRL-type transfer plasmid, we used packaging plasmid pMDLg/ pRREintD64V (integration deficient through a D64V point mutation), rev plasmid pRSV-rev, and a standard vesicular stomatitis virus G glycoprotein (VSV-G; plasmid pMD2. G) for pseudotyping. Culture supernatant was harvested 48 and 72 h posttransfection, and viral particles were then concentrated by ultracentrifugation, resuspended in DMEM, aliquoted, and frozen. Lentiviral vectors were titrated by quantitative PCR (qPCR) as previously described (36) .
Clustering experiments and NMDAR activation. Recombinant mouse ephA2-Fc, ephB1-Fc, and ephB2-Fc chimeras were purchased from R&D systems (catalog no. 603-A2-200, 437-EB, and 496-EB-200, respectively). A control human IgG, Fc fragment-purified protein, and the anti-Fc (fluorescein isothiocyanate [FITC]-conjugated) antibodies were from Chemicon (catalog no. AG714 and AP113F). Ligands and the control fragment were preclustered with the antibody in full Neurobasal medium for 1 h at room temperature (RT), and the medium in each treatment well was substituted for the medium containing clusters. The final concentration of ligand clusters was 0.03 g/well and the antibody/ligand ratio 1:50. The cells were incubated at 37°C for either 1 h or 8 h and subsequently fixed with Cytofix/Cytoperm reagent (BD Biosciences) for 12 min.
In a subset of clustering experiments, after incubation of the neurons with the eph-Fc ligands for 8 h, activation medium (AM) was added to the wells containing 100 M glycine, 100 M NMDA, and 50 mM KCl. The activation medium was left for 2, 10, or 20 min, and the neurons were subsequently fixed as described above.
Immunocytochemistry. Coverslips were incubated with different combinations of primary and secondary antibodies and then embedded using ProLong Gold reagent (Invitrogen, United Kingdom). The primary antibodies used were rabbit anti-Slap, rabbit anti-GluN2A/B (Chemicon, United Kingdom; catalog no. AB1548), mouse anti-EphA4 (Invitrogen, United Kingdom; catalog no. 37-1600), mouse antisynaptophysin (Sigma, United Kingdom; catalog no. S5768), rabbit antisynaptophysin (Santa Cruz; catalog no. sc-7568), and mouse anti-Map2 (Sigma, United Kingdom; catalog no. M4403). Fluorescent secondary antibodies (all from Invitrogen) were anti-rabbit antibody-Alexa Fluor 568, anti-mouse antibody-Alexa Fluor 488, and anti-mouse antibody-Alexa Fluor 647. The cells were visualized on a spinning disk confocal system (CARV from Digital Imaging Solutions) with an electron microscopy charge-coupleddevice (EM-CCD) camera (Rolera/QI Cam 3500) mounted on an Olympus X71 microscope, using a 100ϫ Fluoplan objective (numerical aperture [NA], 4.2). The microscope confocal system was supported by Image Pro 6.0 software. Image analysis. To establish a suitable approach that would enable us to quantitatively measure the extent of colocalization of two signals in double immunolabeling, we examined an independent biological issue and asked how a colocalization analysis approach could portray the dynamics of synaptic vesicle (SV) regulation by a family of phosphoproteins, the synapsins (Snp). Double immunolabeling was performed in mature hippocampal neurons for synaptophysin (Syp) using a rabbit anti-Syp antibody (Santa Cruz, sc-7568) and Snp using a mouse anti-Snp antibody (Santa Cruz; catalog no. sc-37662) or for Syp using a mouse anti-Syp antibody (Sigma, United Kingdom; catalog no. S5768) and phosphor-Snp (p-Snp) Ser9 using a rabbit antibody (Abcam; catalog no. ab76260) in resting neurons and in neurons depolarized with 55 mM KCl for 5 min. A total of 15 images (5 images from each of three independent experiments) were analyzed using the JaCoP plug-in for ImageJ (37) to calculate the split Manders coefficient and the Pearson's coefficient. To avoid potential digital overlap, all images throughout the article are single-section confocal images.
The main difference between the Manders coefficient and Pearson's coefficient values is that Pearson's correlation describes (or, rather, measures) the relationship between the intensities in two images whereas the Manders overlap coefficient measures the proportion of one signal, signal a (i.e., green), coinciding with the other signal, signal b (i.e., red), even if the intensities in both channels differ. Although the latter measurement is seemingly more accurate because it does not take into consideration the amount of signal in signal b and asks only how much of signal a overlaps signal b, the fact that it does not take into consideration intensity (as long as it is above zero, it is positive) suggests that the background had to be removed from the images. To allow consistency of the removal of the background, two random areas devoid of staining within the images were independently measured on each channel using ImageJ and the average background measurement was removed from the entire single-channel image before analysis. The calculation of the Pearson's coefficient was performed in nonedited images (raw images). To avoid introducing an inconsistent bias into our calculations, no threshold was applied.
The data for the Manders coefficient (see Fig. 2 ) are the values of the fraction of the green signal (Syp) overlapping the red signal (Snp or p-Snp), and in the remaining figures, we present the values of the fraction of the green signal (i.e., eph-Fc clusters) overlapping the red signal.
It should be mentioned that the extent of colocalization obtained by the Pearson's coefficient appeared consistently lower. This is not surprising, since the Pearson's coefficient can be affected by unique signals of both channels that contribute to the measured value, whereas the Manders coefficient provides information only on the extent to which a reference channel overlaps with the other.
In conclusion, it seems that both values can be used to provide meaningful and biologically relevant information. Our results here show that these values produce subtle differences. For this report, we calculated both values and the results produced were similar. In our article, we present the Manders coefficient values since our primary focus was to investigate the ability of ephrin receptors (Eph receptors) visualized by preclustered eph-fc ligands (using a FITC-conjugated Ab) to induce the clustering of candidate molecules and not the behavior or simultaneous correlation of the two molecules.
Recombinant NMDAR and Slap expression in Xenopus oocytes and two-electrode voltage clamp (TEVC) electrophysiology. cRNA was synthesized from MluI-or NotI-linearized runoff transcripts using an SP6 or T7 Promega RiboMax RNA synthesis kit (Madison, WI). cRNA was synthesized in vitro according to manufacturer's instructions except for the addition of 0.75 mM m 7 G(5=)ppp(5=)G capping nucleotide (Promega, Madison, WI) and adjusting the GTP concentration to 1.6 mM. cRNA amounts and integrity were estimated by intensity of fluorescence in ethidium bromide-stained agarose gels. GluN1, GluN2, and Slap cRNAs were mixed in a nominal ratio ranging between 1:1 and 1:9, with total injected content fixed at approximately 5 ng per oocyte.
Stage V to VI Xenopus laevis oocytes were obtained from the European Xenopus Resource Centre at the University of Portsmouth. Xenopus oocytes were obtained from Xenopus laevis frogs held under United Kingdom Home Office regulations. Before cRNA injection, the follicular membranes of oocytes were removed mechanically, and after injection, oocytes were incubated at 18°C in separate wells of 24-well plates containing a modified Barth's solution containing (in mM) NaCl (88), KCl (1), NaHCO 3 (2.4), MgCl 2 (0.82), CaCl 2 (0.77), and Tris-Cl (15), adjusted to pH 7.35 with NaOH (Sigma-Aldrich, United Kingdom) and supplemented with 50 IU/ml penicillin and 50 g/ml streptomycin (Invitrogen, United Kingdom) and 100 M DL-2-amino-5-phosphonovaleric acid (DL-APV) (Tocris Bioscience, Bristol, United Kingdom). Oocytes were incubated for 24 to 48 h to allow for receptor expression and then stored at 4°C until required for electrophysiological measurements.
TEVC recordings were made, using a Turbo TEC-03 amplifier (npi electronics, Tamm, Germany), from oocytes that were placed in a modified Ringer's solution containing (in mM) NaCl (115), KCl (2.5), HEPES (10), and BaCl 2 (1.8), adjusted to pH 7.35 with NaOH (20°C). Chemicals were purchased from Sigma (Poole, United Kingdom). Current and voltage electrodes were made from thin-walled borosilicate glass (catalog no. GC150TF-7.5; Harvard Apparatus, Kent, United Kingdom) using a PC-10 electrode puller (Narashige Instruments, Japan) and were filled with 3 M KCl and possessed resistances of between 0.5 and 1.5 M⍀. Oocytes were voltage clamped at Ϫ40 mV. For L-glutamate concentration-response measurements, the recording solution was further supplemented with 50 M glycine. The application of solutions was controlled manually, and oocytes were perfused under conditions of gravity flow (15 ml/min). Data were filtered at 20 Hz and digitized at 100 Hz (Digidata 1322A; Molecular Devices, Sunnyvale, CA) before being recorded to a computer hard disk. All recordings were acquired using a Windows PCbased program, WinEDR v3.0.6 (John Dempster, University of Strathclyde, United Kingdom). Agonist-containing solutions were applied until a plateau with respect to the agonist-evoked response was achieved.
Concentration-response curves were fitted individually for each oocyte with the Hill equation using Igor Pro 6.12 (Wavemetrics, Tigard, OR) as follows:
where n H is the Hill coefficient, I max is the maximum current, [A] is the concentration of agonist, and EC 50 is the concentration of agonist that produces a half-maximum response. Each data point was then normalized to the fitted maximum of the concentration-response curve. The normalized values were then pooled and means taken for each construct and fitted again with the Hill equation, with the maximum and minimum for each curve being constrained to the asymptote to 1 and 0, respectively.
For the insulin potentiation experiments, modified Ringer's solution was supplemented with 1 M insulin (Sigma, Poole, United Kingdom). Maximal agonist-evoked inward currents in response to 100 M gluta-mate and 50 M glycine were measured from oocytes expressing NMDAR subunits alone or with Slap. Oocytes were then incubated with Ringer solution-1 M insulin for 10 min before the agonist-evoked currents were measured again. Values for potentiation in current response were expressed as the percentages of increase in current from each oocyte before and after exposure to insulin.
Cell culture experiments. HEK2393T cells were cultured in DMEM containing 10% fetal bovine serum, penicillin-streptomycin, and 2 mM L-glutamine (all from Invitrogen). Cells were transiently transfected using Lipofectamine 2000 (Invitrogen). A total of 4 g of DNA was added to each well of a 6-well plate. Slap in pRRL_scC_Slap_IRESeGFP_W was transfected at 2 g/well, and 2 g of pEGFP-C1 was added to keep the total amount of DNA constant. pRK plasmids containing GluN1 or GluN2A cDNAs downstream of a pCMV promoter were transfected at 1 g/well each, and either 2 g of pEGFP-C1 was added to keep the total amount of DNA constant (NMDA treatments with or without activation) or 2 g of Slap-pRRL_scC_Slap_IRESeGFP_W was added in the all-plasmids treatment.
Cells were left to express for ca. 22 h before being treated for 10 min with PSS (140 mM NaCl, 1.4 mM CaCl 2 , 5.4 mM KCl, 1.2 mM NaH 2 PO 4 , 21 mM glucose, 26 mM NaHCO 3 , pH 7.4) with or without the addition of 1 mM NMDA and 50 M glycine (both from Sigma) (NMDA activation treatment). Bortezomib was used as a proteasome inhibitor at a final concentration of 0.01 mg/ml (Millenium Science). Following treatment, cells either were used to calculate cell death or were lysed for protein extraction.
Proteins were extracted in 25 mM HEPES (pH 7.5)-150 mM NaCl-1% NP-40 -10 mM MgCl 2 -1 mM EDTA-2% glycerol supplemented with protease inhibitors (Roche). The protein concentration of the protein extract was determined by Bradford's protein assay, and equal amounts were loaded on a 10% precast gel (Invitrogen) for the detection of GluN1 using Western blot analysis. For protein normalization, a background band of 14 kDa detected by the antibody was used and the relative amount of GluN1 was calculated against this band using the Gel Analyzer tool from ImageJ.
Cell death experiments were performed largely as described previously (38) . Transfected and activated cells from different treatments were incubated in fresh media for 6 h prior to assessing cell death using the trypan blue (Sigma) assay, where the exclusion of the reagent from living cells was used to distinguish between dead and living cells in both the attached and the floating cells. Cell counts on a hemocytometer were performed either after addition of trypan blue to media from each well or after trypsinizing the cells in the well. All data points represent the combined results for floating and attached cells for each treatment and correspond to the means Ϯ standard errors of the means (SEM) of the results from three experiments each performed in triplicate.
Statistical analysis. All data in this study are reported as means Ϯ SEM. Statistical analyses were performed by a t test (two-tailed) using SPSS 15.0. Statistical significance was set at P ϭ 0.05.
RESULTS

Subcellular localization of Slap.
To study the function of Slap in the central nervous system (CNS), we first raised an antibody specific for Slap using a unique peptide scanning the last 16 amino acids of the rodent sequence to immunize rabbits. The specificity of the affinity-purified serum from immunized rabbits and its potential use in Western blotting and immunolabeling were examined in HEK293T cells transduced with a nonintegrating lentiviral vector expressing Slap and enhanced green fluorescent protein (eGFP) from a bicistronic mRNA. Western blot analysis of HEK293T cells revealed that the antibody recognized a specific band only in cells transduced with the Slap expression vector, verifying its specificity and its appropriateness for detection of Slap by Western blot analysis ( Fig. 1a ). Furthermore, Slap immu-nofluorescence labeling of HEK293T cells produced a visible signal only in cells transduced with the lentiviral vector expressing Slap and not in those transduced with eGFP-only vector, suggesting that the antibody was suitable for immunolabeling as well ( Fig. 1b and c ). Next, we used our antibody to examine the subcellular distribution of Slap by Western blotting of different subcellular fractions from rat adult brain homogenates. A major band of ϳ34 kDa, the expected size of Slap, was detected in most fractions, with a prominent band detected at the synaptosomal fraction. This distribution closely followed the distribution of the synaptic marker synaptophysin (Syp), indicating that Slap is present at neuronal synapses ( Fig. 1f ). To corroborate the subcellular distribution of Slap, mature 21DIV dissociated hippocampal neurons were doubly labeled for Slap and neuronal markers. Double labeling for Slap and the presynaptic marker Syp showed that Slap was juxtaposed to Syp, confirming our previous observations that Slap is enriched at neuronal synapses and, specifically, at the postsynaptic terminal (Fig. 1d ). Furthermore, double labeling for Slap and the postsynaptic marker PSD95 confirmed that, indeed, Slap could be detected at postsynaptic sites.
Colocalization analysis. For the purposes of measuring the dynamics of the colocalization between Ephs and candidate molecules, we first established an approach that would allow us to measure the extent of colocalization between two signals. To this end, we examined an independent biological issue and asked if a colocalization analysis approach could portray the dynamics of synaptic vesicle (SV) regulation by a family of phosphoproteins, the synapsins (39) . Synapsins are present at the presynaptic terminal, and their role is to cluster SVs by binding to them and to cytoskeletal elements. Synapsins are phosphorylated in response to various signals (chemical or electrical). A key phosphorylation site is Ser9 (site 1). Site 1 is the target of protein kinase A (PKA) and Ca 2ϩ /calmodulin-dependent protein kinases I and IV, and under basal conditions, small amounts of Snp are phosphorylated at this site. A depolarization-induced, Ca ϩϩ influx increases the phosphorylation levels at site 1. Phosphorylation at this site is transient, and dephosphorylation is mediated by protein phosphatase 2A. Upon phosphorylation, the affinity of Snp to actin and SVs decreases, allowing more SV to participate in neurotransmitter release.
We performed double immunolabeling in mature hippocampal neurons for synaptophysin (Syp) and synapsin (Snp) or for Syp and phosphor-synapsin (p-Snp Ser9) in resting neurons and in neurons depolarized with 55 mM KCl for 5 min, and singlesection confocal images were analyzed using the JaCoP plug-in for ImageJ (37) to calculate the split Manders coefficient and the Pearson's coefficient ( Fig. 2 ). According to the literature, the extents of colocalization between Syp and Snp in resting neurons and in depolarized neurons would be similar. In contrast, we expected a significant increase in the colocalization between Syp and p-Snp in depolarized neurons compared to resting neurons. Our results showed that for the Manders coefficient, depolarization of neurons did not reveal a significant difference between Syp and Snp in the colocalization, whereas calculation of the Pearson's coefficient showed a marginal decrease in the extent of colocalization between Syp and Snp (Fig. 2) . In contrast, measuring the extent of colocalization between Syp and p-Snp showed that depolarization of neurons resulted in a significant increase in the amount of p-Snp at synaptic contacts marked by Syp that was reflected by both values.
The issue now would be which of the two values should be used. We believe that the answer depends on the focus of the experiment. If the focus is evaluate the behavior or correlation of both candidate molecules, then the Pearson's coefficient seems more appropriate, since it provides an overall estimate of the extent of colocalization of both molecules. Furthermore, images can be analyzed without threshold or removal of background, provided that the immunolabeling experiments are performed with Abs that produce a clean signal. On the other hand, if the focus is to evaluate the response of a candidate molecule (X) in relation to another (Y), then the Manders coefficient seems more accurate, since it provides an estimate of the extent to which X overlaps Y without taking into consideration the overall dispersion of Y. The drawback of using the Manders coefficient is that background has to be removed in each channel independently. We calculated both values in all our experiments, and the results produced were similar. We present, though, the Manders coefficient values, since our primary focus was to investigate the ability of ephrin (Eph) receptors to induce the clustering of candidate molecules and not the dynamics of the two molecules independently.
Slap and Eph receptors in dissociated hippocampal neurons. Next, we explored the possibility that Slap functions downstream of Ephs. Although it has been shown that Slap interacts with the intracellular domain of EphA2, this receptor is not expressed in the hippocampus or the cortex (40) . However, other EphAs, such as EphA4, that share significant homology with EphA2 in their intracellular domain are abundantly expressed in the CA1 region of the hippocampus (40) , where Slap is also expressed (1). Dissociated hippocampal neurons were used to assess a possible association between Slap and EphA receptors. First, we examined the presence of EphAs in our neuronal preparation, as reports of their expression in dissociated hippocampal neurons are controversial (5, 25, 41, 42) . The presence of EphA4 in our culture system and its possible association with Slap and/or NMDARs was confirmed by double immunolabeling of fixed hippocampal neurons. We focused our efforts on 14DIV hippocampal neurons to examine the possible role of Slap downstream of Eph signaling during synap-togenesis, since 14DIV hippocampal neurons have relatively few mature dendritic spines and their synaptic connections are still developing (43, 44) . Double immunolabeling for EphA4 and Slap or NMDARs showed that EphA4 was indeed expressed in fixed hippocampal neurons. Moreover, although colocalization between EphA4 and Slap was evident, we could not detect significant colocalization between EphA4 and NMDARs ( Fig. 3a and b) . To quantify the dynamics of this colocalization, we calculated the extent of colocalization using the JaCoP plug-in for ImageJ (37) and compared the extents to which EphA4 labeling overlaps Slap or GluN2A/B labeling. Our results showed that the colocalization between EphA4 and Slap was significantly higher than that between EphA4 and NMDAR (Fig. 3g ) (M ϭ 0.316 Ϯ 0.028 and 0.152 Ϯ 0.04, respectively; t test, P ϭ 0.0038; n ϭ 6), confirming our observation.
Having established the presence of at least one EphA in our cultures, we then investigated if Slap is associated preferentially with EphAs or if it is associated with EphBs as well. To label different classes of Eph receptors, we employed an indirect labeling approach using preclustered chimeric eph-Fc ligands that have been extensively used to study Ephs both in vivo and in vitro (7, 16, 25, 45) . Fixed 14DIV hippocampal neurons were double labeled for Ephs, using different preclustered eph-Fc ligands (to enable visualization, a FITC anti-Fc antibody was used to cluster eph-Fc ligands) and Slap or NMDAR. Similar to our previous results, colocalization between Slap and preclustered ephA2-Fc was more pronounced than that seen with NMDARs ( Fig. 3c, d , and g) (M ϭ 0.377 Ϯ 0.03 and 0.099 Ϯ 0.05, respectively; t test, P ϭ 0.0002; n ϭ 10). In contrast, colocalization between preclustered ephB-Fc and Slap was significantly lower than that seen with NMDARs ( Fig. 3e , f, and g) (M ϭ 0.178 Ϯ 0.03 and 0.380 Ϯ 0.02, respectively; t test, P ϭ 0.0005; n ϭ 6). These data are in agreement with previously published work that supports the idea of a specific association between NMDARs and EphBs (7) . Furthermore, our data suggest that in dissociated hippocampal neurons, Slap preferentially (although not extensively) associates with EphA receptors.
Activation of Eph receptors. Since the ligand for EphA4 is found in glia cells (25) , it is likely that, even though EphA4 was detected in our neuronal cultures, it might not be activated, as we did not employ neuron-glia cell cocultures. We next sought to investigate whether activation of Ephs could induce further recruitment of Slap. Since it has been shown that only membranebound or Fc-clustered ligands are capable of activating the receptor in vitro whereas soluble monomeric ligands that bind the receptor do not induce receptor autophosphorylation and activation (46), activation of Ephs was induced by incubation of neurons with preclustered ephA2-Fc, ephB1-Fc, or ephB2-Fc fusion ligands for 1 h and 8 h prior to fixation. We first examined the promiscuity of binding between Ephs and ephs by means of exposure to preclustered ligands for 1 h and 8 h prior to fixation and subsequent colabeling for EphA4 ( Fig. 4) . Based on the reported binding promiscuity between ephBs and EphA4, we used preclustered ephB1-Fc for its specificity in binding EphB receptors and ephB2-Fc as a control for its reported binding to EphA4 (47, 48) .
Labeling for EphA4 in neurons exposed to ephA2-Fc showed extensive colocalization between them at both time points ( Fig. 4a  and b) . Surprisingly, labeling for EphA4 in neurons exposed to both ephB-Fc ligands showed extensive colocalization between ephB-Fc and EphA4 that appeared more prominent after 8 h ( Fig. 4c to f) . Quantification of the colocalization between EphA4 and eph-Fc ligands confirmed our observations (Fig. 4g) . The extent of colocalization between EphA4 and ephA2-Fc was significant at both time points examined (M ϭ 0.698 Ϯ 0.05 at 1 h and 0.857 Ϯ 0.04 at 8 h; n ϭ 3). Interestingly, after 1 h of incubation, although the extent of colocalization between EphA4 and ephB1-Fc was similar to that seen with ephA2-Fc (M ϭ 0.725 Ϯ 0.03; n ϭ 5), the extent of colocalization between EphA4 and ephB2-Fc was significantly lower than that seen with ephA2-Fc (M ϭ 0.47 Ϯ 0.04; n ϭ 5; P ϭ 0.0025 with t test). After 8 h of activation, though, the extents of colocalization between EphA4 and all preclustered eph-Fc ligands were increased at similar levels (M ϭ 0.857 Ϯ 0.04 for ephA2 [P ϭ 0.0123 with t test], 0.889 Ϯ 0.01 for ephB2 [P ϭ 8.5E-8 with t test], and 0.894 Ϯ 0.01 for ephB1 [P ϭ 0.001 with t test]; n ϭ 10 for ephB-Fc). These results are seemingly different from those of previous reports where no interaction between ephB1 and EphA4 was identified (47, 48) . It should be mentioned, though, that our experiments assessed only the extent of colocalization between EphA4 and the preclustered ligands and not the ability of the preclustered ligands to activate the receptor. Nevertheless, since our data showed reduced colocalization between EphA4 and ephB2-Fc compared to ephB1-Fc after 1 h of exposure, to differentiate between signaling cascades involving EphBs and EphAs at the early time point, we present here our data from the experiments in which ephB2-Fc was used to activate EphB receptors.
Recruitment of Slap and NMDARs upon Eph activation.
Having established the association between Slap and Ephs in fixed neurons, we next investigated if activating Ephs could induce recruitment of Slap.
14DIV hippocampal neurons were incubated with preclustered eph-Fc ligands for 1 h and 8 h to activate their respective receptors prior to fixation (Fig. 5 ). Immunolabeling revealed that Slap was partially colocalized with ephA2-Fc and ephB2-Fc in neurons after 1 h of exposure to the ligands (Fig. 5a and c) . However, in neurons incubated with preclustered eph-Fc ligands for 8 h, Slap was detected with the vast majority of preclustered ephA2-Fc compared to a partial overlap of ephB2-Fc ( Fig. 5b and  d) . Quantification of colocalization using the Manders coefficient showed colocalization between ephA2-Fc and Slap after 1 h of incubation (MP ϭ 0.375 Ϯ 0.04). After 8 h of incubation with the ligand, a significant increase in colocalization between ephA2-Fc and Slap was detected (M ϭ 0.809 Ϯ 0.04; n ϭ 10; P ϭ 0.00005 with t test). In contrast, there was little colocalization between ephB2-Fc and Slap after 1 h of incubation, with a less significant increase after 8 h of incubation with the ligand (M ϭ 0.26 Ϯ 0.03 at 1 h and 0.578 Ϯ 0.03 at 8 h; n ϭ 10; P ϭ 0.0004 with t test). These data suggest that prolonged incubation of neurons with preclustered ephA2-Fc can trigger a delayed but highly efficient recruitment of Slap compared to prolonged incubation with preclustered ephB2-Fc (Fig. 5e ) (P ϭ 0.0008 with t test).
Having established that activation of EphAs is more efficient in recruiting Slap than activation of EphBs, we next investigated the dynamics of NMDAR's recruitment upon Eph signaling. Although it has been shown that activation of EphBs recruits both NMDA and AMPA receptors (9, 16, 23) , there is limited information regarding EphAs. 14DIV hippocampal neurons were incubated with preclustered ephA2-Fc or ephB2-Fc as described previously. Immunolabeling of treated neurons for NMDARs showed that prolonged exposure of dissociated neurons to both ligands induced colocalization between them and NMDARs (Fig. 6a to d) . Unexpectedly, though, we noticed that incubation of neurons with preclustered ephA2-Fc for 8 h induced colocalization of NMDARs with the majority of the clustered ligand. We next quantified the dynamics of this colocalization (Fig. 6e) . Our results showed that although colocalization between ephA2-Fc and NMDARs after 1 h of activation was near background levels (M ϭ 0.193 Ϯ 0.02; n ϭ 10), it was significantly enhanced after 8 h of incubation (M ϭ 0.701 Ϯ 0.04; n ϭ 10; P ϭ 3E-8 with t test), suggesting that recruitment of NMDARs requires prolonged exposure of neurons to ephA2-Fc. On the other hand, the extent of colocalization between NMDARs and ephB2-Fc was significant at both time points and did not change dramatically over time (M ϭ 0. 3711 Ϯ 0.04 at 1 h and 0.615 Ϯ 0.09 at 8 h; n ϭ 5; P ϭ 0.0026 with t test). These data indicate that ephB2-Fc is more efficient in recruiting NMDARs at early time points (P ϭ 0.0056 with t test) but ephA2-Fc is as efficient as ephB2-Fc after 8 h of activation.
It has been reported that activation of EphA4 in young immature neurons results in the internalization of the receptor/ligand complex whereas in mature neurons it induces an increased colocalization with the postsynaptic marker PSD-95 (49) . To confirm these findings and to see if the colocalization between ephA2 and NMDARs we observed was synaptic, neurons exposed to ephA2-Fc for 8 h were triple labeled for NMDAR and Syp, a presynaptic marker (Fig. 6f ). Similar to previous reports (30, 41) , our results showed that ephA2-Fc labeling was partially detected at synapses. Interestingly, colocalization between NMDARs and ephA2-Fc was not restricted solely to synapses but was more widespread, suggesting that activation of EphAs recruits NMDA receptors independently of synaptic contacts.
Slap does not interfere with the activity of NMDARs. Our results so far showed that activation of Ephs recruits both NMDARs and Slap. Since the role of Slap in the CNS has not been studied, we next examined if it is involved in modulating the activity of NMDARs. To do so, we used established heterologous systems that offer the advantage of directly assessing the possible First, we examined whether Slap interferes with the activation of NMDARs in Xenopus oocytes injected with in vitro-transcribed cRNAs expressing GluN1 and GluN2B or GluN2A in the presence or absence of a cRNA expressing Slap. The presence of Slap at the membrane of the oocytes was detected by immunolabeling of injected oocytes (Fig. 7a) , and the expression of NMDARs was confirmed by measuring agonist-evoked inward currents from oocytes expressing recombinant NMDARs (Fig. 7b to e ). We first examined if Slap had an effect on the baseline activity of NMDARs by comparing maximal agonist inward currents in response to glutamate and glycine in oocytes expressing recombinant NMDARs alone and subsequently in oocytes expressing both NMDARs and Slap. Our results showed that the NMDAR inward currents from GluN1/N2B (Fig. 6b and c) and GluN1/N2A ( Fig. 7d and e ) receptors in the absence or presence of Slap were almost identical. Furthermore, we did not observe any major alterations in glutamate EC 50 values in the presence of Slap compared to those reported previously for wild-type (WT) recombinant NMDARs expressed in Xenopus oocytes (33) . Our results show that Slap does not affect activation of NMDARs. Additionally, Slap does not preferentially interfere with either of the two major GluN2 subtypes expressed in hippocampal neurons.
It has been demonstrated that in cortical neurons, activation of EphBs leads to tyrosine phosphorylation of NMDARs through activation of the Src family kinases (SFKs) (7, 16) . Since Slap has been shown to antagonize the activity of SFKs (3) and is recruited alongside NMDARs upon Eph signaling, we next investigated whether it has a role in modulating NMDAR activity by regulating its phosphorylation by SFKs. To induce SFK-dependent phosphorylation of NMDARs, we exposed injected Xenopus oocytes to 1 M insulin for 10 min. This treatment has been shown to enhance NMDAR currents in a SFK-dependent manner (50, 51) . NMDAR currents were measured initially in oocytes prior to insulin exposure and were then compared to the currents produced after the exposure to insulin. Our results showed that exposure to insulin for 10 min potentiated NMDAR currents (Fig. 7f ). We then repeated the experiment with oocytes coinjected with Slap and recombinant NMDARs and saw little change in the percentage of potentiation of agonist-evoked current response following insulin exposure compared to the results seen with recombinant NMDARs in the absence of Slap (Fig. 7f ) (31.4% Ϯ 3.6% [n ϭ 10] and 36.9% Ϯ 9.3% [n ϭ 11], respectively). Therefore, our results showed that Slap did not affect the enhanced response of NMDARs to insulin, suggesting that it is not directly involved in the regulation of NMDARs by SFKs.
Activity-dependent regulation of NMDARs. We next investigated if Slap has a role downstream of NMDAR signaling. Since a link between Slap and cell death has been previously reported (52) , we examined if Slap exerts a protective effect upon NMDARdependent, glutamate-induced excitotoxicity (53) . HEK293T cells expressing NMDARs have been used to study modulation of NMDAR currents (54, 55) and NMDAR-mediated excitotoxicity (38, 56) . We adopted a similar approach and compared the amounts of cell death induced by a NMDAR activation medium (containing 1 mM NMDA and 50 M glycine) in HEK293T cells transiently expressing GluN1/GluN2A subunits alone or in combination with Slap. Transfected cells were incubated with the NMDAR activation medium (AM) for 10 min and were left to recover for 6 h prior to measurement of cell death (38) . Our results (Fig. 8a) showed increased cell death in cells expressing NMDARs and treated with AM (34% Ϯ 2.76%) compared to control, non-activated cells (11% Ϯ 3.2%; P ϭ 0.0001) or to cells expressing Slap alone and treated with AM (17% Ϯ 1.21%). Interestingly, when Slap was expressed alongside NMDAR, it significantly (20% Ϯ 3.02%; P ϭ 0.0014; n ϭ 3) prohibited cell death upon the activation of the receptor, indicating that coexpression of Slap protects cells from NMDAR-induced cell death.
We next investigated the possible mechanism for this protective function against NMDAR-induced apoptosis. It has been established that neuronal activity homeostatically reduces the levels of synaptic NMDARs (57) (58) (59) . A likely mechanism proposed for homeostatic plasticity is proteasome-dependent degradation of glutamate receptors, since proteasome inhibitors block the removal of GluN1 from the postsynaptic density (PSD) (59) . Since Slap interacts with c-Cbl, a ubiquitin ligase responsible for the degradation of Eph and TCR (4, 60-63), we examined if Slap was also involved in the degradation of NMDARs. We focused on HEK293T cells and compared the levels of GluN1 in cells transfected with plasmids expressing GluN1/GluN2A subunits alone or in combination with Slap ( Fig. 8b) . Our results showed that expression of Slap did not alter the expression levels of NMDARs. Next, we incubated cells with the NMDAR activation medium for 10 min prior to lysis to activate the receptors. Our results showed that coexpression of Slap under these conditions induced a 20% reduction of GluN1 levels. Furthermore, this reduction was abrogated in cells preincubated with 10 g/ml of the proteasome inhibitor bortezomib (P ϭ 0.007; n ϭ 4), suggesting that expression of Slap induced the degradation of NMDARs in an activity-dependent manner. The next step was to examine this effect of Slap in neurons. Hippocampal neurons were incubated with epha2-Fc for 8 h to induce coclustering of NMDARs and Slap. NMDARs were then activated for 10 min and 20 min using an NMDAR activation medium (containing 100 M glycine, 100 M NMDA, and 50 mM KCl) prior to fixation. To assess the success of EphA activation, triple labeling for ephA2-Fc clusters with Syp and Slap was performed. Our results showed high colocalization between Slap and ephA2-Fc throughout the activation time points ( Fig. 8c  and d ). We then looked at the colocalization of NMDA receptors. In contrast to the extensive colocalization between NMDARs and ephA2-Fc clusters consistently observed in our previous experiments, we could not detect NMDAR labeling along ephA2-Fc clusters after incubation with the activation medium ( Fig. 8e and f). Extrasynaptic as well as synaptic labeling of NMDAR beyond ephA2-Fc clusters was evident at the same coverslips, suggesting that upon activation, NMDARs were downregulated or preferentially removed from the ephA2-Fc clusters where Slap was also present.
DISCUSSION
slap encodes a SH2-SH3 adapter protein, and although Slap expression in the brain has been previously reported (1), its function there remains unknown. Here we present data showing that Slap is recruited to synapses and is downstream of NMDARs.
Synaptic localization of Slap. First, we looked into the cellular distribution of Slap. Western blot analyses of subcellular fractions from adult rat brain extracts and immunolabeling in dissociated hippocampal neurons showed that Slap was enriched at the postsynaptic terminals. We then investigated the possible mechanism by which Slap is recruited there. Since Slap was initially identified as a binding partner of EphA2 (6), we first examined their possible association in dissociated neurons by looking into the extent of colocalization of different classes of Ephs with Slap and comparing it to the results seen with NMDARs that have been associated with EphB signaling (7) . We confirmed the association between EphBs and NMDARs and further revealed that Slap was preferentially localized with EphAs.
Cross talk between EphAs and EphBs. We then examined if Slap could be actively recruited by Eph signaling, looking at the temporal dynamics of the localization of Slap upon activation of Ephs in neuronal cultures. First, we optimized our conditions, performing a series of control experiments to assess the reported binding promiscuity of eph/Eph interactions (47, 48) . Interestingly, our data revealed extensive colocalization between preclustered ephB-Fcs and EphA4, with colocalization between ephB1-Fc and EphA4 more pronounced than that seen with the more promiscuous ephB2-Fc. Although this colocalization could be seen as an indication of binding promiscuity between the ligands and the receptor, it should be emphasized that our experiments were not designed to ascertain interactions of different classes of Ephs with their ligands. What is more, the lack of significant levels of colocalization between the promiscuous ephB2-Fc and EphA4 after 1 h of incubation suggests that a direct cross-interaction between ephBs and EphA4 is not a likely explanation for our results.
Subsequently, we performed our experiments using both ephB1-Fc and ephB2-Fc, and the results obtained with both ligands were identical. Here we present the data obtained using ephB2-Fc, since its colocalization with EphA4 after 1 h of incubation was not as pronounced as that seen with ephB1-Fc.
Recruitment of Slap upon Eph signaling. Next, we showed that activation of Ephs in cultured neurons enhanced Slap's colocalization with each preclustered eph-Fc, with sustained exposure to ephA2-Fc being more efficient than exposure to ephB2-Fc. We also showed that, interestingly, sustained exposure of hippocampal neurons to ephA2-Fc was as efficient as exposure to ephB2-Fc in recruiting NMDARs. Although our focus was to examine the extent to which activation of Eph receptors differentially recruits Slap, our results showed that, as with EphB, activation of EphA recruits NMDARs, contributing to synaptic development. Furthermore, our data provide support to a hypothesis proposed by Henkemeyer et al., who suggested that in vivo, EphAs can partially compensate for the loss of EphBs, since hippocampal neurons lacking EphB expression fail to form dendritic spines in vitro but not in vivo (9) . Finally, the different dynamics of recruitment of Slap by ephA2-Fc and ephB2-Fc suggest that the colocalization between ephB-Fc ligands and EphA4 we observed previously is not indicative of a direct interaction between them, since such an interaction would activate the receptor inducing the recruitment of Slap in a manner similar to that seen with ephA2-Fc. An alternative explanation for the observed colocalization could be that activation of EphBs induces the recruitment of EphA4, probably via a signaling cascade that allows for a cross talk between different Ephs. Although further experiments should be performed to unambiguously demonstrate this hypothesis, the data presented here indicate that activation of EphBs can induce the recruitment of EphAs and that subsequent activation of EphA4 (i.e., from ephA3 present on glia cells) would further stabilize synaptic contacts, aiding in the recruitment of molecules such as NMDARs and Slap.
Slap does not interfere with NMDAR activity. Having established the recruitment of Slap by Eph signaling, we next focused on its possible role. Since Slap and NMDARs can be present at the same sites, we examined if Slap has an effect downstream of NMDAR signaling. Activation of NMDARs at synaptic contacts has pleiotropic effects, and assessing the role of Slap in such a complex background without any prior information on its function would be challenging. To circumvent this, we used established heterologous systems to determine if Slap is involved in any aspects of NMDAR signaling.
First, we asked if Slap interferes directly with the activation of NMDARs or with signals that modulate its activity. We compared NMDA currents in Xenopus oocytes expressing NMDARs in the presence or absence of Slap. Our results showed that coexpression of Slap did not affect the activity of NMDARs. We next investigated if Slap is associated with signaling mechanisms that modulate the activation of NMDARs. It has been shown, for instance, that Ephs bind to SFKs through their yeast extract-peptone-dextrose (YEPD) cytoplasmic motifs (64) and that members of the SFKs have a significant role in modulating NMDAR activity by enhancing its function (16, 65) . Since it has been shown that in NIH 3T3 fibroblasts, Slap antagonizes the activity of SFKs (3), we investigated if Slap affects the modulation of NMDAR activation by SFKs. Coexpression of Slap in Xenopus oocytes had no effect on SFK-dependent potentiation of NMDA currents induced by insulin, suggesting that it is not involved in the modulation of NMDARs by SFKs.
Slap protects against NMDAR-induced excitotoxicity. Next, we examined if Slap was downstream of NMDAR signaling. Aberrant activation of NMDARs has been linked to excitotoxicity, and the mechanisms behind it are complex, with several pathways implicated (66) . Since Slap has been shown to protect against apoptosis in osteoclasts (52), we examined if Slap affects NMDAR-induced excitotoxic cell death in HEK293T cells, which have been extensively used to study the mechanisms of NMDAR-subtype-specific excitotoxicity (67) . Our data showed that expression of Slap conferred significant protection against NMDAR-dependent excitotoxic cell death.
Slap induces NMDAR degradation. We then looked into a possible mechanism by which Slap interferes with NMDAR activation. A key aspect of modulating receptor activity is the degradation of receptor molecules. It has been shown that Slap interacts with c-Cbl, a ubiquitin ligase, and that this interaction leads to the ubiquitination and degradation of TCR and BCR signaling complexes (4, 62, 63) . Furthermore, c-Cbl is recruited to Eph-ephrin complexes, contributing to termination of the signal by degradation of the receptor (60, 61) . Thus, we investigated if the antiexcitotoxic effect of Slap could be mediated, at least in part, by degradation of NMDARs. We compared the expression levels of GluN1 in HEK293T cells in the presence or absence of Slap. We show that although coexpression of Slap with NMDARs does not affect the levels of GluN1, activation of the receptors results in a proteasome-and Slap-dependent reduction of GluN1 levels. We also provide evidence that a similar mechanism is present in neurons.
Activation of NMDARs in neurons preincubated with ephA2-Fc to induce coclustering of Slap and NMDARs results in a severe reduction of NMDAR immunoreactivity along ephA-Fc clusters, although overall labeling of NMDARs on the same coverslip appeared unaffected. These data show that Slap is involved in activity-dependent NMDAR degradation, suggesting that it might be also involved in regulating homeostatic plasticity. Interestingly, the involvement of EphAs in homeostatic plasticity has been recently demonstrated. Activation of EphA4 induced downregulation of AMPA receptors without affecting the levels of NMDARs (5) . Similarly, we found no evidence that activation of EphAs affect the levels of NMDARs. In contrast, prolonged activation of EphAs induced increased levels of NMDARs at the sites of activation. However, subsequent activation of NMDARs resulted in their rapid removal from EphA clusters, suggesting an activitydependent downregulation of NMDARs. Even though the role of Slap and the precise mechanisms in this downregulation are yet to be elucidated, the known biochemical function of Slap in T cells and our data in HEK293T cells suggest that it has a key role in mediating the downregulation of NMDARs.
Concluding remarks. Taken together, our results reveal that Slap is recruited to synaptic contacts through signaling cascades activated by Eph receptors and is involved in synaptic development and homeostasis. It can protect cells from aberrant NMDAR activation, and it regulates the levels of NMDARs in an activityand proteasome-dependent manner. A significant number of proteins undergo regulated, proteasome-dependent degradation under conditions of homeostatic plasticity (59) . The identity and the role of the ubiquitin ligases involved, their substrate specificity, and the mechanisms controlling their function are still under investigation. The implication of Slap in activity-dependent degradation of NMDARs is a significant addition to our knowledge and can be used as a starting point to shed more light on the regulation of synaptic scaling by identifying, for instance, the ubiquitin ligases involved as well as the signaling cascades that activate them.
